Abstract. Renibacterium salmoninarum is an important salmonid pathogen that is difficult to culture. We developed and assessed a real-time, quantitative, polymerase chain reaction (qPCR) assay for the detection and enumeration of R. salmoninarum. The qPCR is based on TaqMan technology and amplifies a 69-base pair (bp) region of the gene encoding the major soluble antigen (MSA) of R. salmoninarum. The qPCR assay consistently detected as few as 5 R. salmoninarum cells per reaction in kidney tissue. The specificity of the qPCR was confirmed by testing the DNA extracts from a panel of microorganisms that were either common fish pathogens or reported to cause false-positive reactions in the enzyme-linked immunosorbent assay (ELISA). Kidney samples from 38 juvenile Chinook salmon (Oncorhynchus tshawytscha) in a naturally infected population were examined by real-time qPCR, a nested PCR, and ELISA, and prevalences of R. salmoninarum detected were 71, 66, and 71%, respectively. The qPCR should be a valuable tool for evaluating the R. salmoninarum infection status of salmonids.
Bacterial kidney disease (BKD), caused by Renibacterium salmoninarum, is widespread in most parts of the world where wild or cultured salmonid fish species are present. 8 The bacterium produces a 57-kDa protein, called p57 or major soluble antigen (MSA), which is associated with cell surface hydrophobicity and virulence. 3 During an infection, MSA and its breakdown products are the principal constituents of the extracellular protein (ECP) fraction released by R. salmoninarum into the surrounding tissues and body fluids. 24 In general, the levels of ECP in fish correlate with the severity of an R. salmoninarum infection. 19 Because primary isolation of the slowly replicating and fastidious R. salmoninarum in bacteriologic culture can require 6 to 19 weeks 1 and is often impractical for routine diagnosis, several nonculture methods have been developed for detection of the bacterium in fish populations. One commonly used method is the enzyme-linked immunosorbent assay (ELISA), which uses specific immunoglobulin to quantify the amount of MSA 24 or components of the ECP. 21 The ELISA has been reported to be more sensitive than bacteriologic culture or the fluorescent antibody test (FAT) for detection of R. salmoninarum in fish tissues. 17 Although the ELISA has become a standard method recommended for large-scale screening of fish populations for R. salmoninarum, 13, 16 certain problems can cause inconsistent results. For example, the quality of antibody lots used for this assay can be variable, 22 R. salmoninarum antigen can persist in fish in the absence of live bacteria, 20 and cross-reactivity with other bacterial species has been reported for some ELISA procedures. 17 For confirmation of ELISA results and for primary diagnosis, a number of polymerase chain reaction (PCR) methods for R. salmoninarum detection have been developed. 17 Most of these PCR methods amplify segments of the msa gene from genomic DNA, although procedures to detect other nucleic acid sequences have been described. 17 Further improvements in PCR sensitivity have been obtained by a nested amplification of specific DNA sequences. 17 Direct comparisons of samples from naturally infected fish by use of ELISA, FAT, and PCR analysis have indicated higher sensitivity of a nested PCR than that of both of the other tests for detection of R. salmoninarum in kidney tissue 4 and coelomic fluid. 15 Although PCR procedures may be more sensitive than ELISA for R. salmoninarum detection, they differ from ELISA in that conventional PCR analyses cannot quantify infection levels and, therefore, cannot be used to determine the severity of infection in R. salmoninarum-positive fish in a population, or to monitor changes in infection levels over time or in response to various treatments. The recent development of real-time quantitative PCR (qPCR) analysis allows the accurate determination of the initial template concentration by monitoring the real-time progress of the PCR assay, 9 and has been used for quantification of target nucleic acid copies. Advantages of qPCR over conventional PCR analysis include increased analytical sensitivity gained through the probe-based detection method, elimination of post-PCR manipulations of samples and PCR productrelated contamination, and quantification of target nucleic acid during the logarithmic phase of amplification, instead of endpoint PCR or time-consuming quantitative conventional PCR analysis. 9, 10 Development of a real-time qPCR method for detecting a 69-base pair (bp) DNA segment of the msa gene of R. salmoninarum is reported. Tests of the specificity and sensitivity of the method are reported, as well as comparisons with ELISA and nested PCR procedures for detection of R. salmoninarum in kidney tissue of naturally infected Chinook salmon Oncorhynchus tshawytscha.
Renibacterium salmoninarum strain was ATCC 33209, grown in KDM 2 7 broth containing 10% (v/v) fetal bovine serum at 15uC. The bacterial suspension was centrifuged at 5,000 3 g for 20 minutes. Cells were resuspended in 0.01 M phosphate-buffered saline, pH 7.4 (PBS), and were stored at 4uC. The concentration of R. salmoninarum was quantified by use of the membrane-filtration FAT. 5 To test the specificity and cross-reactivity of the qPCR assay, 8 other microorganisms were tested (Table 1) . These bacteria included obligate and opportunistic fish pathogens, species reported to cross-react with R. salmoninarum in immunodiagnostic tests, and species phylogenetically similar to R. salmoninarum. 17 The bacteria were cultured as described. 4 Kidney tissue was obtained from adult male and female fall Chinook salmon collected from the Root River, Wisconsin weir during the fall of 2002 and tested for R. salmoninarum by nested PCR analysis and ELISA to obtain R. salmoninarum-negative tissue. Yearling fall Chinook salmon (32 g average weight) were sampled from the Icy Creek holding ponds, Soos Creek Hatchery, Washington Department of Fish and Wildlife, Auburn, Washington, during January 2005. At the time of sampling, some fish in the population manifested clinical signs of BKD. Kidney tissues were analyzed by ELISA, and nested PCR and qPCR assays for R. salmoninarum detection.
Anterior, middle, and posterior sections of the kidney from each adult Chinook salmon were removed, pooled, and homogenized without dilution for testing by the nested PCR assay and ELISA. An aliquot of each kidney homogenate was frozen at 270uC for testing by the nested PCR assay. For the ELISA, a portion of each homogenized kidney was then diluted 1:4 (w:v) in 0.01 M PBS containing 0.5% (by volume) Tween 20 (PBS-T20) and stored at 270uC until testing. The entire kidney was removed from each juvenile Chinook salmon and was homogenized as described previously, and an aliquot of each kidney homogenate was stored at 270uC for testing by the nested PCR and qPCR assays. The remainder of each homogenized kidney was diluted 1:4 (w:v) in PBS-T20 and was stored at 270uC for the ELISA.
A double-antibody ELISA (ELISA II) 19 that measures the amount of a soluble antigen fraction of R. salmoninarum was used to test the fish kidney homogenates. Unconjugated and horseradish peroxidase-conjugated polyclonal goat immunoglobulin to R. salmoninarum a and a positive-control antigen a were used at the same concentrations as described elsewhere. 19 The negative-positive threshold absorbances were calculated 18 ; the negativepositive absorbance for kidney tissue was 0.073. Kidney tissue samples positive for R. salmoninarum were assigned to low, medium, or high antigen amount categories on the basis of previous studies in which ELISA absorbances were compared with the concentrations of R. salmoninarum determined by the FAT and bacteriologic culture. 11, 19 The ELISA absorbance (OD 405 ) ranges for these categories were: 0.074 to 0.199 (low), 0.200 to 0.999 (medium), and $1.000 (high).
The DNA from R. salmoninarum culture was extracted by use of a kit b according to the manufacturer's instructions for gram-positive bacteria. The DNA from preweighed kidney tissue samples was extracted by the use of the kit b according to the manufacturer's instructions for animal tissues, with the following modifications: 1) after proteinase-K digestion, 50 ml of a 43 enzymatic lysis buffer (20 mM Tris-HCl , pH 8.0, 2 mM EDTA, 1.2% Triton X-100, 20 mg of lysozyme/ml) was added to the sample followed by incubation at 37uC for 1 hour; and 2) 250 ml of buffer AL b and 250 ml of ethanol were used. Negative controls containing no tissue were processed concurrently to verify that the extraction was free of contaminating DNA.
The DNA was amplified by use of the nested PCR assay as described, 15 with the following modifications: 5 ml of extracted DNA was used as template DNA in the first round of PCR analysis, and 0.4 mM each primer was used in the reaction mixture for the first round of amplification and the nested round of amplification. The first-round PCR assay was performed in a thermal cycler, c with 30 cycles of denaturing at 94uC for 30 seconds, annealing at 60uC for 30 seconds, and extension at 72uC for 1 minute. The nested amplification was completed using the same thermal cycler, except that only 20 cycles were performed. The PCR products were analyzed by agarose gel electrophoresis as described, 15 and samples were considered positive if the anticipated 320-bp product was observed.
Two primers and a dual-labeled internal probe were designed d for use with a qPCR system e to detect R. salmoninarum-specific sequences of the msa gene. The PCR product was 69 bp, and the sequences of the primers and the internal probe were as follows: forward primer RS1238, 59-GTGACCAACACCCAGATATCCA-39; reverse primer RS1307, 59-TCGCCAGACCACCATT-TACC-39; and internal probe RS1262, 59-CACCAGATG-GAGCAAC-39. The internal probe was labeled with the fluorescent reporter dye 5-carboxyfluorescein (FAM) on the 59 end and the quencher dye N9, N9, N9, N9,-tetramethyl-6-carboxyrhodamine (TAMRA) on the 39 end. Optimization of the qPCR conditions was done according to the manufacturer's suggestions. Each PCR mixture contained 12.5 ml of 2 3 TaqMan universal PCR master mix, f 900 nM each R. salmoninarum-specific primer, 250 nM R. salmoninarum-specific probe, and 5 ml of template DNA in a total volume of 25 ml. Negative controls were included in each amplification experiment. The PCR samples were placed in standard 96-well plates and amplified in a real-time PCR instrument.
e Amplifications were done with the following cycling profile: 2 minutes at 50uC, 10 minutes at 95uC, and 40 cycles at 95uC for 15 seconds and 60uC for 1 minute.
For quantification, a standard curve of serially diluted R. salmoninarum DNA was used representing a range of 5 3 10 6 R. salmoninarum cells/reaction to 5 R. salmoninarum cells/ reaction. Standard curve analyses were done in triplicate. Each sample was run in duplicate. The amount of R. salmoninarum present in the samples was calculated g from data generated from the standard curve. To ascertain the specificity of the qPCR, DNA was extracted from 1-ml samples of PBS suspensions containing 10 6 bacterial cells for each species listed in Table 1 . The DNA was extracted by use of the aforementioned kit b according to the manufacturer's instructions for bacteria. To determine the sensitivity of the qPCR, concentrations of R. salmoninarum representing a range between 1 cell and 10 7 cells/reaction were mixed with PBS buffer or with homogenized kidney tissue from adult Chinook salmon that had undetectable amounts of R. salmoninarum on the basis of prior testing by use of the ELISA II procedure 19 and nested PCR assay. 4 Kidney tissues from 38 juvenile Chinook salmon in a population naturally infected with R. salmoninarum were tested by the ELISA, the nested PCR, and the qPCR. The kidney homogenates were processed and tested by each assay as previously described. Chi-square analysis (P , 0.05) h was used to evaluate differences in the prevalence of R. salmoninarum among kidney samples tested by the ELISA, the nested PCR, and the qPCR. The correlation between the R. salmoninarum concentrations in kidney samples as determined by the qPCR and the corresponding ELISA absorbances was evaluated by Pearson analysis h of log 10 -transformed data.
The detection limit for the qPCR assay, as determined by using genomic DNA isolated from cultures of R. salmoninarum ATCC 33209, was 5 R. salmoninarum/reaction when the diluent was PBS buffer or kidney homogenate. Standard curves were linear over 6 orders of magnitude, with R 2 . 0.99, in either diluent (Fig. 1) . Amplification products were not observed when DNA extracts from the bacterial species listed in Table 1 were tested by the qPCR. The predicted product was consistently amplified from the R. salmoninarum DNA.
The prevalence of R. salmoninarum in the 38 kidney samples on the basis of testing by the ELISA, and the nested PCR and qPCR assays was 71, 66, and 71%, respectively (Table 2) , and was not significantly different (P 5 0.85) among the groups. All samples with medium to high R. salmoninarum antigen values by the ELISA also tested positive for R. salmoninarum DNA by the qPCR and nested PCR assays (Table 2) . Among the 9 samples with low values of R. salmoninarum antigen by the ELISA, however, 4 had negative results of the nested PCR and qPCR assays, and 2 had positive results of the nested PCR assay, but negative results of the qPCR assay. Conversely, among the 11 samples testing negative by the ELISA, 2 tested positive by the nested PCR and qPCR assays, and 4 tested positive only by the qPCR assay.
For the samples that tested positive by the qPCR assay, a general correlation was observed (r 5 0.87; P , 0.0001) between the concentrations of R. salmoninarum as determined by the qPCR assay and the corresponding mean ELISA absorbance values (Fig. 2) . Accordingly, the mean concentrations of R. salmoninarum, as determined by the qPCR assay, increased with increasing mean ELISA absorbances; mean (6 SE) R. salmoninarum numbers per mg of tissue detected by qPCR in fish with low, medium, and high ELISA values were 2. ), respectively. The R. salmoninarum counts by qPCR analysis were also higher in fish with kidney lesions characteristic of BKD, compared with those in fish without visible lesions. In the medium ELISA antigen value group, the mean (6 SE) R. salmoninarum counts per mg of tissue were 9.8 3 10 2 (61.9 3 10 2 ) and 2.6 3 10 2 (6 1.6 3 10
2 ) for fish with and without lesions, respectively, and for the high ELISA antigen value group, the counts were 1. A real-time qPCR assay for specific detection of R. salmoninarum cells in salmonid kidney tissues was successfully developed. The detection sensitivity of 5 R. salmoninarum cells/ qPCR reaction in PBS buffer or kidney homogenate was similar to the sensitivity (10 R. salmoninarum cells/reaction) determined for the nested PCR assay 4 used in this study. Unlike the nested PCR assay, however, the qPCR assay can also be used for quantification of R. salmoninarum infection levels in fish.
Although the nested PCR assay was reported 4 to be between 10-and 100-fold more sensitive than the ELISA for detection of R. salmoninarum in kidney tissue, the relative frequencies of R. salmoninarum-positive fish detected in the naturally infected Chinook salmon population by the ELISA, and the nested PCR and qPCR assays were not significantly different in the study reported here. Nevertheless, there were some discrepancies among the 3 tests for kidney samples that tested negative or had low antigen values by the ELISA.
Several factors may have contributed to the discrepancies. First, the mean weight of each kidney sample processed for ELISA testing in this study was 305, compared with 40 mg, processed for DNA extraction for the nested PCR and qPCR assays. Furthermore, only about 2.5% of the total volume of DNA extracted from each sample was subjected to PCR amplification. Therefore, it is not surprising that some samples with low concentrations of R. salmoninarum might test positive by the ELISA and negative by one or both PCR assays. Second, because the ELISA detects soluble antigens that are released by R. salmoninarum and circulate throughout the body, 21, 24 the ELISA can detect infections in tissues other than the one sampled. 6, 18 In contrast, PCR assays probably require the presence of R. salmoninarum in the test sample because extracellular bacterial DNA released from other infection sites may be rapidly degraded. 2 Finally, the persistence of R. salmoninarum antigens for long periods in the absence of live bacteria could result in disagreement between ELISA and PCR results. One study 20 indicated that R. salmoninarum antigens were detectable at high amounts by the ELISA for .110 days in kidneys of rainbow trout (Oncorhynchus mykiss) injected intraperitoneally with a bacterin composed of killed R. salmoninarum cells with or without adjuvant; this phenomenon made it impossible to distinguish live bacteria of the challenge strain from dead bacteria of the bacterin strain. Results of another study 12 further suggested that fish might be able to absorb soluble R. salmoninarum antigen from the surrounding water, resulting in positive ELISA results in fish that are not actually infected with the bacterium.
While this manuscript was undergoing review, another qPCR method that detects sequences of the R. salmoninarum msa gene was reported. 22 Several aspects of that procedure differ from the one reported here, but the most notable distinction is the selection of the primers and probes. The primer and probe sequences designed for the recently published qPCR procedure 22 are located on the msa gene between the first-round forward and reverse primer sequences previously selected 15 for the nested PCR procedure that is most widely used for R. salmoninarum detection. 13, 25 The primers and probe designed for the qPCR assay described here are unique sequences from a different region of the msa gene, selected to avoid the possibility of contamination from nested PCR amplicons in laboratories that use nested and qPCR procedures for R. salmoninarum detection.
Recent research has identified a third copy of the msa gene in some isolates of R. salmoninarum, 23 in addition to the 2 copies identified in earlier studies.
14 Thus, estimates of bacterial numbers by a qPCR assay that assumes 2 msa gene copies could be 1.5 times higher than the actual number for R. salmoninarum isolates with 3 msa gene copies. Nevertheless, the diagnostic relevance of a third msa gene copy in some R. salmoninarum isolates remains to be determined, as factors other than gene copy number can affect the numbers of bacteria detected by qPCR analysis. For example, the unequal distribution of R. salmoninarum in fish tissues 6, 18 may have a greater impact on the number of bacteria detected in a sample. In addition, most laboratories using qPCR analysis will likely group results into broad infection level categories in manner similar to that of an ELISA, rather than reporting individual bacterial counts. A large study is under way to compare the specificity, sensitivity, and repeatability of qPCR methods and other nonculture methods for detection and quantification of R. salmoninarum in fish tissues, and results should address these concerns.
The qPCR assay should be a valuable tool for evaluation of the R. salmoninarum infection status of salmonids. Although the higher cost of equipment and reagents may prevent the qPCR assay from being used as a large-scale screening tool similar to the ELISA in the near future, it could be used for confirmation of ELISA results. Furthermore, the qPCR assay should be an important addition to the battery of research tools for investigating the dynamics of R. salmoninarum infections in salmonid populations. Used in conjunction with other methods such as ELISA, culture, histologic examination, immunohistochemical analysis, and host immune response-associated gene expression assays, the qPCR assay could help to increase our understanding of the mechanisms of progression of R. salmoninarum infections in fish populations, or recovery of fish populations from infections.
